The diluted ethanol solutions and fermentation broth (Saccharomyces cerevisiae) were separated by membrane distillation (MD). Hydrophobic macroporous (pore size 0.2 μm) capillary polypropylene membranes, Accurel PP V8/2 HF and Accurel PP S6/2, were used for these studies. The MD process can be successfully applied to remove the volatile components from the fermentation broth. Besides ethanol, propionic and acetic acids were moved from the broth to the distillate. Therefore, the course of the fermentation carried out in a membrane distillation bioreactor considerably accelerate its rate and increase the efficiency by a selective removal of fermentation products. It was found that the broth subjected to the separation did not affect the hydrophobic properties of the polypropylene membrane assembled in the MD modules.
INTRODUCTION
The ethanol production from biomass is one of many options available for obtaining oil substitutes. However, the conventional process of ethanol generation using batch fermentation of sugars with yeast, followed by distillation to recover ethanol is uneconomical compared to fossil fuels 1, 2 . Climatic conditions have a considerable impact on the effectiveness of ethanol production. In northern Europe, due to a long period of vegetation, the traditional crops such as wheat and potatoes are expensive and they constitute more than 50% of the cost of ethanol production 3 . In the tropics, on the other hand, it is possible to grow two or three crops a year, and sugar cane grown for ethanol in e.g. Brazil, is financially 1 . Cost saving in the ethanol production can be achieved by using plant materials, which are less expensive. Much work has focused on the conversion of cellulose to ethanol. However, the efficiency is still too low for this to be a realistic process [1] [2] [3] [4] . Therefore, additional research and development are needed in order to reduce the cost of ethanol production.
The energy cost is the second largest factor in ethanol production after the cost of the raw material consumption. The majority of energy is used for broth distillation which contains only 5-12 % ethanol after completing the sugar fermentation process 2, 5 . An increase in the ethanol concentration would lower the cost of distillation but it is difficult to obtain higher concentrations in the classic feed-batch fermentation due to inhibition phenomena [2] [3] [4] [5] [6] . Another serious problem is the significant amount of wastewater discharged from the distillation column (stillage). Wastewater poses a threat to the environment and must be managed, which leads to a significant increase in the energy consumption during the process.
One method to manage stillage is concentration through evaporation and then drying in order to obtain a protein additive for animal feeding. The condensates produced from stillage evaporation process constitute low-polluted water, and can be recycled as dilution water for the fermentation step. The recycling or reuse of low-polluted wastewater after adequate purification treatment may help to limit its environmental impact. The major drawback is the presence of compounds which inhibit fermentation such as: aliphatic acids (formic, acetic, propionic, butyric, valeric and hexanoic), alcohols (2,3-butanediol), aromatic compounds (phenyl-2-ethyl-alcohol) and furane derivatives (furfural) 6 . A substantial part of these compounds can be removed using the treatment of condensate by reverse osmosis 6, 7 . However, such solutions inevitably increase the cost of alcohol production.
The fermentation problems can be solved to a considerable degree by decreasing the amount of stillage, which can be achieved by using the membrane bioreactors for ethanol production 8, 9 . The membrane separation retains yeast cells in the bioreactor, which facilitates the ethanol distillation from the obtained filtrate. A continuous dosing of the substrates and an increase of yeast concentration in the broth improves the productivity and efficiency of the bioreactor. Microfiltration (MF) is usually used as the separation method, although it does not reduce the amount of effluents produced during ethanol distillation. However, a clear solution of ethanol devoid of any microorganisms is obtained after the MF process, and the expensive process of stillage evaporation is no longer necessary. After the removal of organic acids e.g. by reverse osmosis 6 , such solution can be reused as technological water in the fermentation process.
The amount of waste generated in the process will be considerably reduced provided that produced ethanol will be separated from the bioreactor, whereas the remaining constituents of the broth will remain in the bioreactor. This, however, requires the application of a process enabling a selective separation of ethanol. Vacuum fermentation, extractive fermentation and membrane processes, such as pervaporation and membrane distillation (MD), can be proposed for this purpose [10] [11] [12] [13] [14] [15] . MD is the evaporation of volatile feed components through air-filled pores of a hydrophobic membrane. The composition of the permeate diffusing through the membrane pores depends on the partial pressure of respective components of the feed. At a given temperature, the volatility of ethanol is higher, causing the obtained permeate to be enriched in ethanol 14 . The use of MD for removal of ethanol and other volatile metabolites from broth will both decrease the inhibitory effect of these compounds on microbial culture and reduce the cost of further concentration of alcohol. The main advantage of MD over conventional distillation processes is that membrane distillation takes place at a temperature below the normal boiling point of broth solutions. However, the major requirement of MD process is that the used membranes must not be wetted by separated solutions. To avoid membrane wettability, highly hydrophobic membranes with an appropriate pore size (below 1 μm) should be used 16 . The separation mechanism in MD is based first on the difference in volatility, and second, on the difference in diffusion rates among the transferring species 13, 14 . For this reason, it is possible to increase the degree of separation by increasing the length of the diffusion pathway (diffusion distillation
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). Moreover, one can expect the differences in the values of enrichment coefficient for membranes with differing wall thickness.
In the present study, two kinds of polypropylene capillary membranes were used, differing in the wall thickness more than three times, to separate the ethanol solutions by MD process. MD was also used to separate the volatile compounds produced in the bioreactor during the fermentation of sucrose solutions with the participation of the yeast species Saccharomyces cerevisiae.
EXPERIMENTAL
The design of membrane bioreactor can be simplified by placing of the membranes directly in the reactor tank. This variant was tested in this work using the installation that is schematically presented in Fig. 1 . Two membrane modules made of polypropylene capillary membranes, Accurel PP S6/2 and Accurel PP V8/2 HF (Membrana GmbH, Germany), were placed inside a glass reactor (6 dm ). The applied membranes had pore sizes with the nominal diameter of 0.2 μm, and the porosity of 73% (the manufacturer's data). The outside/inside diameter of S6/2 and V8/2 HF was equal to 2.6/1.8 mm and 8.6/5.5 mm, respectively. In the module MK1 one membrane V8/2 HF was assembled with a length of 11.5 cm (F 1 = 31 cm 2 ), whereas the module MK2 was made of three membranes S6/2 with a length of 17 cm each (F 2 = 41.6 cm 2 ). The bioreactor tank was placed on a magnetic stirrer RCT B (IKA, Germany) with automatic temperature control (thermometer PT 100). The temperature of the ethanol solutions was changed to the range 307-314 K. The temperature of sucrose fermentation was 308-309 K. During all the experiments the distillate was supplied inside the membrane capillaries with the flow rate of 0.4 dm 3 /min (0.116 m/s -S6/2 and 0.216 m/s -V8/2 HF). The inlet temperature of distillate was constant for all the experiments (292 ±1K). The distillate tanks were placed in a water bath, which temperature was controlled by a thermostatic valve AVTA (Danfoss, Denmark) fed with the tap water. The distillate temperatures were measured using thermometers with ±0.2 K accuracy.
The application of a membrane distillation bioreactors for fermentation causes the ethanol concentration to be stabilized at a level of 30-40 g EtOH/dm 3 14,15 . For this reason the studies of ethanol separation were carried out using the standard solutions (ethanol + distilled water + 10g NaCl/dm . The presence of alcohol may accelerate the wetting of hydrophobic membranes, and the salt dissolved in the feed can diffuse through the wetted pores into the distillate. Therefore, the investigations of NaCl content in the distillate made it possible to assess whether or not the used membranes became partly wetted during the module exploitation.
Apart from MD of the standard solutions of ethanol, long-term investigations of separation of the true broth were also conducted. A fermentation solution was prepared by dissolution of 100 g of sucrose in tap water, boiled three times. Commercially available Gamma Hefe yeast (Saccharomyces cerevisiae, AB Enzymes, Germany) was used as the microorganism in the amount of 5 g/dm
3
. The fermentation process was carried out for 5 days in a continuous mode. After each series of experiments the installation was rinsed several times with deionised water (Simplicity 185, MILLIPORE, USA). The content of sugar and alcohol in the solution was determined on the basis of an analysis of the total organic carbon (TOC-Analyzer multi N/C, Analytic Jena). Ion chromatography was used to analyse the content of organic acids in the feed and distillate. The method of running the fermentation and analyses of solution concentrations was described in detail in previous papers
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. After the fermentation experiments were completed the membranes were rinsed several times with distilled water and dried at ambient temperature. Subsequently, the air permeability measurements of Accurel PP membranes used in the study were performed. The permeability investigations were carried out at room temperature (298-300 K). The air from a gas cylinder permeated through the membrane from the tube side to the shell side. The flow rate of the air was measured using a mass flow meter Brooks 4800 Series (Brooks Instrument, USA), in the range of 10-100 cm 3 /min (±1%). The pressure (the hydraulic resistance for a given air volume flow) was measured using an electronic manometer Druck DPI 104 (General Electric, USA) with accuracy 0.05%.
The anion and cation concentrations were measured using an ion chromatography method with conductivity detector (850 Professional IC, Herisau Metrohm -Switherland). The separation of anions was performed on 1.7x3.5mm Metrosep RP guard column in series with a 250x4.0 mm Metrohm A Supp5-250 analytical column. For cations separation a 150x4.0 mm Metrosep C2-150 analytical column was used. The electrical conductivity of examined solutions was measured by a 6P Ultrameter (Myron L Company).
RESULTS
The conducted studies confirmed that a volume of obtained MD distillate decreases along with an increase in the membrane thickness. The permeate flux was more than three times larger for membranes S6/2, which are three times thinner than the membranes V8/2 HF (Fig. 2) . The driving force for the mass transfer in MD is expressed by the vapour pressure difference across the membrane (Δp), caused by the existing temperatures and the compositions of the layers adjacent to the membrane 14 . Although an increase in the membrane thickness reduces heat loss due to thermal conductivity (which causes the enhancement of Δp value), the resistance of vapour diffusion through a membrane increases to a larger degree. As a result, the permeate flux is smaller for thicker membranes 19 . of thermal polarization and due to the exponential character of vapour pressure dependence. Thinner membranes S6/2 were characterized with smaller diffusion and thermal resistances, and as a result the temperature polarisation for these membranes was higher, as was the observed influence of the feed temperature on the efficiency of the MD process. In MD, all the volatile components of the feed are transferred through a non-wetted membrane to the distillate whose concentration depends on both the volatility of these components and the feed concentration. The influence in the ethanol concentration in the feed on its flux was also presented in Fig. 2 . An increase of ethanol concentration from 2 to 27 g/dm 3 caused the ethanol flux to increase from 0.5 to 1.5 kg EtOH/m The fermentation process for some species of yeast is conducted at temperatures lower than 313 K. Considerably smaller differences in the magnitude of ethanol flux were obtained after lowering the feed temperature from 313 to 307 K (Fig. 3) . In this case, the ethanol flux amounted to 1.4 kg EtOH/m Figs. 2 and 3 indicates that for a lower feed temperature (307 K) the differences in the efficiency of MD process for membranes V8/2 HF and S6/2 were smaller. This is due to the influence of the feed temperature on the magnitude In the case of ethanol production in the membrane distillation bioreactor the concentration of obtained distillate (the enrichment coefficient) is a more important parameter than the magnitude of permeate flux. The higher the enrichment coefficient, the lower the costs associated with further concentration of the alcohol solution. The obtained values of the enrichment coefficient were similar to the investigated membranes (S6/2 and V8/2 HF) and they depended to a large degree on the concentration and temperature of the feed (Figs. 4 and 5) . At a low content of alcohol in the solution (2-5 g EtOH/dm 3 ) the enrichment coefficient amounted to about 7 and it decreased to 3 when the feed concentration increased to 40 g EtOH/dm 3 . A decrease of temperature from 313 to 308 K slightly decreased the enrichment coefficient value. However, the opposite result was obtained for the ethanol concentration below 5 g EtOH/ dm 3 (Fig. 5) . That was probably due to the fact that the amount of ethanol transported through a membrane increases along with the temperature increase, which hinders the maintenance of a constant concentration at the feed/ membrane interfacial with regard to its low concentration.
The results of MD of the fermenting broth were markedly different from the separation of standard solutions of ethanol. During the experiments, the ethanol concentration in the broth varied in the range 22-44 g EtOH/dm 3 . The obtained enrichment coefficient amounted to 10-15, thus it was considerably higher than that obtained for the standard solutions of ethanol (Fig. 6 ). In the previous study it was found that bubbles of CO 2 formed during the fermentation had a significant influence on the result 14 . The bubbles cause a layer adjacent to the membrane to become enriched in alcohol, which affects the separation result during MD process.
Other volatile compounds are separated in the MD process in addition to ethanol, decreasing their concentration in the broth. After 5 days of sucrose fermentation the solution contained formic, acetic, propionic, butyric, valeric and tartaric acids apart from ethanol. The amount of these components changed systematically, which additionally increased their content in the distillate (Fig. 7) . The majority of the compounds detected in the broth was characterized by high boiling points, thus the distillate contained volatile acetate. The acetic acid is a strong inhibitor of fermentation, hence, its separation by MD increases the effectiveness of a bioreactor operation 12 
.
The composition of fermentation solution may have a negative influence on hydrophobic membranes. However, the conducted long-term investigations demonstrated the high durability of used polypropylene membranes on the conditions existing in a bioreactor. The studies of fermentation integrated with MD were carried out for 400 h, and no significant decrease in the MD module efficiency was observed (Fig. 6) . The determination of salt content in the distillate by an IC method demonstrated over 99.9% salt rejection coefficient in the MD process. This result indi- cates that the used membranes did not become wetted by the solutions used in these studies. The long-term fermentation investigations were conducted in the batch fermentation system. It was found that the degree of fermentation intensity affected the observed discrepancies in the obtained values of the enrichment coefficient and ethanol flux (Fig. 6) . The tests of air permeability performed after completing fermentation demonstrated that the membranes taken out of the bioreactor after 400 h of fermentation had the value of air permeability by about 7% lower in comparison to those for new membranes. This result confirms previous observations that fermentation solutions cause only a slight biofouling in MD process 14 .
CONCLUSIONS
MD can be successfully used for the separation of volatile compounds formed during sugar fermentation. Apart from ethanol, mainly acetic acid was evaporated from the feed into the distillate.
It was found that the membrane thickness did not have a significant influence on the value of the enrichment coefficient. Its value decreased along with an increase of alcohol concentration in the feed, and for the feed concentra- tion in the range from 0.5 to 40 g EtOH/dm 3 the values of enrichment coefficient decreased from 7 to 3. For true fermentation solutions, the value of enrichment coefficient was higher and varied in the range 10-15. In this case, the enrichment effect depended to a large degree on the intensity of fermentation and on the amount of evolved CO 2 bubbles.
The polypropylene membranes used in the study were not wetted by the solutions of ethanol and the broth. This indicates that Accurel PP capillary membranes can be successfully used for the separation of ethanol produced in the membrane distillation bioreactor.
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